To determine the extent to which chemotactic behavior depends on methylation at multiple sites, chemotaxis assays were performed on bacteria that expressed mutant aspartate receptors in which methylation site residues were mutated from glutamate to aspartate. It was found that chemotaxis was impaired when methylation sites were mutated and that the effect on chemotaxis of mutating a rapidly methylated site was more severe than the effect of mutating a less-rapidly methylated site. Expression of mutant receptors in a wild-type strain interfered with chemotaxis to only a minor extent. In vivo methylation assays showed that the chemotactic defects of most mutants could be explained by the decreased rates at which methylation levels increased in response to aspartate.
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Covalent modification is a common mechanism by which transmembrane receptors are regulated (1) . These modifications are often associated with adaptation, in which the response to a constant stimulus diminishes with time. The aspartate receptor, encoded by the tar gene (2) , mediates aspartate chemotaxis in Escherichia coli (3, 4) and is subject to methylation on specific glutamate residues in its cytoplasmic signaling domain (5, 6) . Methyl groups are added by a cytosolic methyltransferase enzyme (protein-glutamate O-methyltransferase, EC 2.1.1.80) encoded by the cheR gene (7) and removed by a cytosolic methylesterase enzyme (protein-glutamate methylesterase, EC 3.1.1.61) encoded by the cheB gene (8) . The steady state level of methylation changes in proportion to aspartate concentration (9, 10) . Bacteria respond only to changing concentrations of aspartate (i.e., gradients), showing no behavioral response to concentrations that remain constant. Efficient chemotaxis depends on bacterial memory, the ability to compare past and present aspartate concentrations (11) .
The methylation sites of the aspartate receptor have been identified as glutamate residues 295, 302, 309, and 491, which are referred to as sites 1-4, respectively (5, 6) . Each site is methylated in both the presence and absence of aspartate, and the rate of methylation at each site increases when aspartate is bound by the receptor (12) . In the presence of aspartate, methylation occurs most rapidly at site 3, about half as rapidly at site 2, about 1/10th as rapidly at site 1, and about 1/50th as rapidly at site 4 (12) .
Though the general role of receptor methylation in adaptation is well understood (10, 13, 14) , the significance of methylation at multiple sites and at differing rates is not clear. To investigate these issues, a series of mutant aspartate receptors containing substitutions at the methylation sites were introduced into cells, which were then assayed for chemotactic ability. Methylation site residues were mutated to aspartate, a substitution previously found to prevent methylation of the altered site (15) . Mutant receptors will be described henceforth using the one-letter amino acid code for the residue at methylation sites 1-4, respectively. For example, EDDE indicates a receptor in which aspartate is found at methylation sites 2 and 3, and glutamate is found at sites 1 and 4. Methylation sites 1 and 3 of the wild-type receptor are posttranslationally converted from glutamine to glutamate in vivo (5, 6, 16) . The EEEE mutant will thus be considered equivalent to the wild-type receptor, since the two are identical after in vivo processing.
MATERIALS AND METHODS
Materials. Bacto agar and Bacto tryptone were from Difco.
Other reagents for culturing bacteria were from Sigma.
[3H]Methionine was from Amersham. Reagents and equipment for polyacrylamide gel electrophoresis were from BioRad.
Strains and Plasmids. RP8611, anE. coli strain that does not express any of the four known chemotaxis receptors but is otherwise wild type for chemotaxis genes, and RP437, which is wild type for all chemotaxis genes (17) , were provided by John Parkinson (University of Utah, Salt Lake City). The construction of plasmids expressing the various aspartate receptor mutants was described previously (15) . The plasmid pSL1180, which is the parental vector for all plasmids expressing mutant receptors, was from Pharmacia LKB and will be referred to as the "null plasmid."
Media for Swarm Plates and Liquid Cultures. "Minimal" medium contained Vogel-Bonner citrate salts (18) , 1% glycerol, 100 mg of ampicillin per ml, 100 mg of L-methionine per ml, and 500 mg of thiamin, L-histidine, L-leucine, and Lthreonine per ml. This medium was supplemented with 100 ,uM L-aspartate where indicated. "Tryptone" medium contained 1% Bacto tryptone, 0.5% sodium chloride, and 100 mg of ampicillin per ml. Swarm plates contained 0.3% Bacto agar and either tryptone medium or minimal medium supplemented with aspartate.
Swarm Plate Assays. These were performed as described (19) .
Determination of Receptor Concentration. Cultures used to inoculate swarm plates were simultaneously used to inoculate liquid cultures, which were grown overnight at 30°C. Cells were then harvested by centrifugation, resuspended in SDS sample buffer [50 mM Tris HCl, pH 6.8/100 mM dithiothreitol/2% SDS/10% (vol/vol) glycerol/0.1% bromophenol blue], and subjected to three cycles of freezing in liquid nitrogen followed by heating at 95°C. Samples were separated on 10% polyacrylamide gels and then subjected to immunoblotting with antireceptor antibodies as described (15) . The amount of sample loaded on the gel was adjusted according to the optical density of the cell culture. Immunoblots were analyzed by densitometry on an LKB Ultrascan laser densitometer.
In Vivo Methylation Assays. Bacteria were grown in minimal medium overnight at 30°C and then harvested by centrifugation. Cell pellets were resuspended in minimal medium con-*To whom reprint requests should be addressed.
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taining [methyl-3H]methionine at 10 mCi/ml (1 Ci-= 37 GBq)
at a cell density such that the optical density (600 nm) of the culture was between 0.5 and 1.0. Cultures were incubated at 30°C for various times in either the presence or absence of aspartate. The optical density of each culture was determined at the end of the incubation period. Cells were then harvested by centrifugation. The cell pellets were resuspended in SDS sample buffer, frozen in liquid nitrogen, and then incubated for 5 min at 95°C. Prestained protein molecular mass markers (Bio-Rad) were added to the samples, which were then separated by electrophoresis through 10% polyacrylamide gels. The region of the gel between the 80-and 49.5-kDa molecular mass markers was excised. The content of radioactive methyl groups in the gel slice was then determined by a previously described methanol diffusion assay (20) . To account for variations in cell growth, data are reported as the ratio of radioactive methyl groups to optical density. Uptake of
[3H]methionine was determined by subtracting the amount of radioactivity in the culture medium separated from the cells by centrifugation at the end of the experiment from the amount of radioactivity in the culture medium before innoculation.
RESULTS
To determine if bacteria containing aspartate receptors lacking any of the four methylation sites could demonstrate chemotactic ability, a bacterial strain that does not express any chemoreceptors was transformed with various plasmids encoding mutant receptors and tested in swarm plate assays (Fig.  1) . Swarm plate assays measure the ability of bacteria to swim away from the point of inoculation on semisolid agar in response to chemical gradients created by their own metabolism (21) . As a control, bacteria were transformed with a "null" plasmid that does not contain an aspartate receptor gene. Bacteria transformed with the null plasmid failed to produce a chemotactic swarm. When bacteria were transformed with a plasmid encoding the wild-type receptor (EEEE), a chemotactic swarm formed that expanded at an easily detectable rate, indicating that chemotactic ability had been restored. The EEED receptor allowed swarming at a rate that was roughly 75% of that observed in bacteria with the EEEE receptor. The DEEE receptor allowed swarming at a (Fig. 1) or minimal medium supplemented with aspartate (not shown). The effects of the mutations on chemotactic ability correlate well with the methylation rates of the different sites determined previously (12, 15) ; mutation of a more-rapidly methylated position caused a greater decrease in swarm rate than mutation of a less-rapidly methylated position.
The difference in the levels of expression of the various mutant receptors between the lowest and highest expressing mutant was less than 3-fold (not shown). These variations were unlikely to have affected the swarm rates because, as will be discussed below, a much greater variation in the expression level of the EEEE receptor did not affect swarming ability.
To determine if the mutant receptors would interfere with the function of a wild-type receptor, the chemotactic ability of a wild-type strain that was transformed with plasmids encoding various mutant receptors was analyzed (Fig. 2) . The mutant receptors were all found to be expressed in at least a 100-fold excess relative to the wild-type receptor expressed from the chromosome (not shown). When the wild-type strain was transformed with a plasmid encoding the EEEE receptor, the swarm rate approximately equaled that observed when the bacteria were transformed with the null plasmid, indicating that expression of additional wild-type receptor did not substantially affect swarming ability. When the EDDE, EDDD, and DDDD receptors were expressed, the swarm rates were between 60% and 70% of the rates observed for cells with EEEE. In all other cases, expression of the mutant receptors allowed swarming at a rate of at least 80% of that observed in cells with EEEE. Thus, the mutant receptors interfered only slightly or not at all with the chemotactic signal generated by Interference with chemotactic ability of a wild-type strain. RP437, a strain that is wild-type for the aspartate receptor and all other chemotaxis genes, was transformed with plasmids encoding the various indicated receptor mutants or with the null plasmid. These bacteria were then inoculated onto tryptone swarm plates, and the expansion rate of the chemotactic swarm was measured. Swarm rates were normalized such that the rate of bacteria expressing the null plasmid was 1.0. Each swarm rate is the average of three or more determinations and is shown along with the standard deviation.
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The methylation levels of various receptors expressed in the chemoreceptor-deficient strain (Fig. 3) were determined. Bacteria were incubated for 1 hr in medium containing [3H]methionine and then exposed to aspartate. Samples were removed 15 min later for the determination of receptor methylation. The methylation levels of the EEED, DEEE, and DEED receptors, containing mutations at either or both of the two least-rapidly methylated positions, were slightly lower than that of EEEE. The methylation level EDEE, which contained a mutation at the second-most-rapidly methylated position, was lower still. The methylation level of the EEDE receptor, mutated at the most-rapidly methylated position, was the lowest of all of the aspartate-mutant receptors tested. The uptake of [3H]methionine in the cells was measured and found not to vary substantially among cells expressing different mutant receptors and was not affected by the addition of aspartate, ruling out the possibility that the differences in the methylation levels were due to differences in cytoplasmic
[3H]methionine concentrations.
Receptor methylation levels were also determined after a 2-h incubation with [3H]methionine in both the presence and absence of aspartate (Fig. 4) . The methylation level of each mutant tested was 1.5-to 2-fold higher in the presence of aspartate. Differences in the methylation levels of the various mutants were smaller than the differences that were observed after the shorter exposure to aspartate (Fig. 3) .
DISCUSSION
A series of mutants of the E. coli aspartate receptor were used to analyze the extent to which chemotactic behavior depends on methylation at multiple sites. In these mutants, glutamate residues present at methylation sites were replaced with aspartate residues. The presence of aspartate at the methylation sites was found previously to prevent methylation of the altered residue and to influence the methylation rates at remaining sites (15) . Swarm plate assays revealed that all four sites are required for optimal chemotactic ability, because bacteria expressing any of the single mutants swarmed at rates lower than bacteria expressing EEEE (Fig. 1) . The decreases in swarm rates correlate inversely with the rates at which the individual mutated positions are methylated in the wild-type receptor (12, 15) . For instance, mutation of site 3, the mostrapidly methylated position, caused the greatest decrease in chemotactic ability, and the mutation of site 4, the least-rapidly methylated position, caused the smallest decrease. Among the multiply mutated receptors, only DEED, in which the two most-rapidly methylated sites were left as glutamate residues, could support chemotaxis at all. This correlation shows that the differences in the methylation rates of the individual sites are physiologically relevant and suggests that the chemotactic defects of bacteria expressing the aspartate mutant receptors are due to defects in receptor methylation.
The in vivo methylation levels of various mutant receptors were determined. Addition of aspartate caused an increase in the methylation levels of all receptors tested (Fig. 4) , and, when analyzed after a brief exposure to aspartate (Fig. 3) , differences in the methylation levels of the various mutants were apparent. These differences in methylation levels could be correlated to the differences in chemotactic ability seen in the swarm plate assays (Fig. 1) . These results suggest that the chemotactic defects of the mutant receptors are due to the insufficiently rapid rates at which receptor methylation occurs initially. These lower methylation rates must change the timing of adaptation on which bacterial memory depends.
The mutant receptors did not substantially interfere with chemotaxis mediated through a chromosomal wild-type receptor ( Fig. 2) , even though the latter was present at an appreciably lower concentration. This is probably due to an acceptable overall methylation rate, which may be the result of compensating effects on the methyltransferase and methylesterase enzymes. It was previously found that the methyltransferase binds nonproductively to methylation sites mutated to aspartate with nearly the same affinity as it binds to unmutated sites (15) . If the methylesterase binds to the mutant receptors to the same extent as the methyltransferase, the methylation level of the wild-type receptor would not be seriously affected. Previous studies have shown, in fact, that chemotactic defects caused by altering the expression level of the methyltransferase can be rescued by altering the expression of the methylesterase in the same way (22) . As the relative rates of demethylation among the four sites are similar to the relative rates of methylation (12) , it is not surprising that mutations may Biochemistry: Shapiro et aL similarly influence the activity of both the demethylating and methylating enzymes.
The differences observed in the methylation levels of the various receptors relative to EEEE and to each other (Figs. 3 and 4), were small in comparison with the differences in the chemotactic abilities of the bacteria expressing them (Fig. 1) . Apparently, only a narrow range of methylation rates allows chemotactic ability. The methylation rate of the wild-type receptor must therefore be "fine-tuned" to produce the optimal adaptation rate on which bacterial memory relies.
The results presented here indicate that the more-rapidly methylated sites of the aspartate receptor are more important for chemotaxis than the less-rapidly methylated sites, though all four are required for optimal receptor function. The rates of methylation at the various sites combine to determine the overall rate at which the receptor methylation level is adjusted in response to aspartate. Small perturbations in this rate were found to hamper chemotaxis, suggesting that it is fine-tuned to allow optimal chemotactic ability. Such fine-tuning to an optimal methylation rate may be more easily achieved when the rate at each of four sites can be adjusted than when the rate at only a single site can be adjusted. It is interesting that in many receptors known to be covalently modified, whether by methylation or phosphorylation, modifications occur at multiple positions (1, 6, 16, 23, 24) . The fine-tuning achieved by multiple modification may be the reason for its widespread use in nature.
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